The flight safety issues associated with the exposure of aircraft to High Intensity Radiated Fields (HIRF) are being addressed by the FAA. The current HIRF environment for aircraft certification is based on a worst case evaluation of exposure, leading to a concern that the required test levels may be excessive and unnecessarily burdensome. A clearer understanding of the interaction of HIRF with aircraft is desirable, in order to understand both the likelihood of occurrences and the intensity of encounters. This report primarily examines one of the main determinants of interaction, the closest approach of an aircraft to a HIRF emitter in the course of normal flight.
INTRODUCTION

Background
The flight safety hazards associated with the exposure of aircraft to High Intensity Radiated Fields (HIRF) are constantly being assessed and addressed by the FAA. The actual HIRF environment for aircraft is still not fully defined, thus clouding the development of required testing levels for certification. A clearer understanding of the details of the interaction of HIRF with aircraft is needed.
The HIRF levels currently considered for certification of aircraft and avionics systems are based on a worst case evaluation of exposure. There is a resultant concern within the aviation community that these present test levels may be excessive and necessitate overtesting. In fact, the interaction of HIRF can be broken down into a number of components, each of which have a distribution of variables which determine both the likelihood and the strength of the HIRF-aircraft interactions. When distributions of variables associated with aircraft in actual use are examined, the likelihood of exposure as a function of the variables can be evaluated. The consideration of this additional detailed information permits better informed and better directed decisions about HIRF certification testing levels than does generic worst case analysis.
This report examines of one of the distributions involved in the interaction of HIRF and aircraft, the distance of closest approach of aircraft to ground based transmitters in a specified area. The objective is to obtain closest approach information to enlighten definition of the emitter-aircraft separation distance which is used in deriving HIRF certification test levels. Unfortunately, many of these variables are correlated in ways which are not easy to disentangle. It is obvious that variables within one of the three categories listed might be correlated, but there also can be correlations between categories. For example, a radar devoted to tracking specific targets within an air space may adapt power level, antenna characteristics and dwell time on target based on the location and motion of a specific aircraft. Especially in cases such as this, but also more generally, caution must be exercised in trying to build up a general distribution from a product of individual distributions which are assumed to be independent.
GMF identification latitude/longitude to 1 sec
After consideration of the possibilities, this investigation focused on the distance of closest approach of aircraft to ground based transmitters in a specified area. In essence, this makes use of the locations of emitters and the positions of aircraft while in flight. It is also possible to estimate the maximum electric field experienced by an aircraft at its distance of closest approach to a given emitter. The geographical regions used in the study were the Seattle, WA and Denver, CO metropolitan areas, roughly within 60 nm of the Seattle-Tacoma International Airport (Seatac) and Denver International Airport (DIA). Emitters were limited to those in the U. S. Government Master File (GMF) with frequency > 400 MHz with nonnegligible electric field. The in-flight aircraft position information was obtained from the radar data recorded by the FAA for air traffic control purposes. Additional attention was given to types of flights and to the proximity of airport boundaries as they impact the observed closest approach distances.
EMITTERS Source of Emitter Information
The emitter information was supplied by 
Selection of Candidate Emitters
The list of emitter entries was first pared down by requiring 40 Ghz > frequency > 400 MHz. The final selection cut was made on electric field level. For each emitter, a electric field, E, at 100 ft distance was calculated using 377 PFg 4nR2 where P = emitter power, Fg = antenna gain factor, R = 30.48 m (100 ft).
For frequencies > 400 MHz and at a distance of 100 ft, one is in the far field of each element of a transmitting antenna, but lack of phase coherence over the entire antenna may prevent the 1/R behavior assumed in equation 1. However, this effect on E is expected to be less than a factor of two. With this in mind, a relatively low level, E > 33 V/m, was used to select emitters for the final group to be used in further calculations; 278 GMF entries for Seattle and 216 entries for Denver satisfied this cut. These final groups of emitters are meant to represent the sets of all emitters in the Seattle or Denver areas which could possibly be responsible for the largest E field which any aircraft may experience. In fact, the 33 V/rn cut is fairly conservative and the selected group is surely a worst case. Fig. 1 
AIRCRAFT POSITIONS
Source of Aircraft Flight Information
For the Seattle area, aircraft flight positions were obtained from the FAA's Seattle En Route Air Traffic Control Center. The data was obtained from 45 SAR tapes recorded March 31, 1992 through April 2, 1997. The National Traffic Analysis Program (NTAP) records on the SAR tapes were processed to extract the "limited data block (LDB)" information. This included a report from each system radar of all of its radar responses for each of its sweeps. Other reference information from each SAR tape was used to immediately convert the system coordinates to latitude and longitude. For the Denver area, this data extraction was carried out by the FAA's NTAP.
SAR Data Processing
The first step in processing the SAR records was to retain only points within 60 nm of Seattle or Denver and to remove irrelevant information. The result was an unordered group of sets of flight information data, for about 710,000 space-time points for Seattle, about 570,000 space-time points for Denver. A preliminary operation calculated aircraft altitude above ground level (AGL) at each point using the altitude reported with respect to sea level and the same Digital Elevation Model described in the emitter section. The next processing step ordered the information sets first by beacon code and then by time. Some beacon codes were used and reused several times throughout the day. In fact, data for beacon code 1200 (used by aircraft not filing a flight plan) sometimes had multiple aircraft and their positions associated with the same time value. This additional ambiguity in the 1200 code data made it desirable to treat it separately from the non-1200 code data.
NON-1200 CODE DATA The ordered space-time points were differentiated into segments associated with distinct flight operations. This was accomplished by using the following data characteristics. Making these cuts excludes a few percent of the segments but eliminates many of those with bad or marginal information.
With these additional requirements, processing yields -5100 tracks averaging -80 pointdtrack for non-1200 beacon codes in the Seattle area data. The Denver area data yielded -5300 tracks averaging -100 points/track. By checking the location and altitude of the first and last points of the flight tracks many can be associated with takeoffs or landings at Seatac or DIA. Fig. 2 show sample tracks of landings at Seatac. 1200 CODE DATA For the Seattle area, there were approximately 262,000 points with beacon code 1200 ( -35% of all the data). These flights are mainly of interest because they represent a different category of aircraft operation. The 1200 code is used by aircraft without a filed flight plan and, as such, there may be many aircraft simultaneously operating with a 1200 code. This multiplicity necessitated an additonal pass on the space-time points in the identification of flight segments; serial assignment of points to the same flight segment was accomplished by imposing reasonability requirements upon the data characteristics of successive associated space-time points. In many ways, this was similar to but more restrictive than the procedure used for the non-1200 code segments.
After quality control cuts were imposed on the segments for track acceptance, -2250 tracks were retained with an average of -96 pointsh-ack.
The situation for the Denver data was very different. Only 22,000 1200 code points were extracted by NTAP from the SAR tapes and only -210 tracks with an average of -28 pointdtrack were found.
This order of magnitude decrease relative to the Seattle results is believed to be due to the use of NTAP in a mode for which it was not designed.
4.3-4 CORRELATIONS OF EMITTERS AND FLIGHT POSITIONS; General Procedure
With both the emitter positions arid the aircraft flight positions known, it is fairly straightforward to calculate the closest approach of each flight track to each emitter. From this the overall closest approach of a given aircraft track to any emitter is easily found. Two items in this procedure should be noted:
Straight line interpolation between successive points on the track is used to find the closest approach for the entire trajectory, not just at the recorded points.
No extrapolation is done. Often the radar does not track the aircraft on the ground in some positions. This means that tracks for takeoff and landing may be truncated slightly short of the ground. Some extrapolation was tried, but the quality of altitude (AGL) data required for extrapolation did not appear to justify extensive effort in this area.
Non-1200 Code Flights
For all non-1200 beacon code flight tracks in the Seattle area, the correlation of emitters and aircraft flight positions through closest approach is shown in Fig. 3 . For each aircraft track a line is drawn from the point of closest approach to the appropriate emitter, marked by a triangle. Fig. 4 represents the cumulative relative frequency of closest approach (or slant range). Note the loglog scale of the plot. This plot shows that a 1% level of closest approach occurs at a distance of approximately 200 ft for both Seattle and Denver but a crossover occurs because of the different shapes of the two distributions.
Other Exceptional Beacon Codes 1200 beacon code data is treated separately because it is presumed to represent a category of relatively local air traffic activity likely to be at lower altitude, flying slowly and covering small distances. It has also been suggested that other flight activity of a local nature may be associated with certain beacon codes assigned by the local traffic control (TRACON). These beacon codes may be " 1 0 " ' . ' ' I """""""j The boxes in Fig. 1 show the location and extent of the defined airport zones in the Seattle vicinity. Histograms of cumulative relative frequency as a 1200 Code Flights Fig. 6 shows the distributions of 1200 code flights using an airport zone with a two mile buffer. The distributions for the two areas studied are similar in shape, but the same cumulative frequency occurs in Denver at a distance two to three time larger than it does in Seattle. However, it should be recalled that the Seattle data contains an order of magnitude more 1200 code tracks. 
Estimated Electric Field at Aircraft
By setting R equal to the distance of closest approach to an emitter in Eq. 1, the maximum electric field experienced by each flight can be estimated for each emitter and from there for the entire set of emitters. This procedure makes a few strong assumptions:
GMF listing contains all emitters of concern GMF emitter powedantenna gain are reliable. worst case is in the main beam of the antenna. modifications to Eq. 1 are less than a factor of 2 in magnitude, for freq > 0.4 GHz and R > 100 ft.
While there may be reservations about the completeness and accuracy of the information going into this calculation, its application to a full set of emitters and aircraft operations in a major metropolitan area provides a broad overview of electric fields encountered by aircraft. As such, it complements the alternative approach which focuses narrowly on a very few largest emitters and which employs only informed hypothesizing about aircraft-emitter separation geometry.
When the largest electric field experienced by an aircraft replaces the minimum distance of closest approach as the figure of merit, the dotted distribution in Fig. 7 results. In this plot, the
4.3-6
cumulative frequency represents the fraction of flights which encounter an electric: fields less than the value indicated on the x-axis. VFR type flights, codes 1200, 02xx, 03xx and 55xx/52xx are not considered in this case and the electric fields considered are only those exterior to airports and their two mile buffer extensions.. The 1% level occurs near 1 KV/m for both Seattle and Denver with less trustworthy extreme values extending to 7 KV/m. A crossover of the distributions for the two different areas occurs as was also observed in one of the distance of closest approach distributions. 
DATA RESOLUTION AND UNCERTAINTY
Data Defects
There are several limitations and sources of uncertainty within the data used in this study. Many of these are technical in nature, arising from the inherent resolution of instrumentation such as radars or altimeters. Other are more procedural in nature such computer code processing of radar data, number of digits recorded or accuracy/completeness in entering emitter data into the Government Master File. All of these factors have been dealt for this study in ways previously described.
Resolution Effects
To grasp the impact of some of tlhese effects, the resolution degradation due to discretization was examined. Aircraft flight position data is recorded on a SAR tape as an (x,y) coordina,te pair in the en route air traffic control center's own coordinate system. The units of recording are 1/16 nm (-380 ft). Emitter longitude and latitude are recorded in the Government Master File to the nearest arc-second (-100 ft for latitude). Clearly, separation distances calculated using aircraft and emitter positions recorded in this way have definite limits in precision. It should also be clear that the relative error will increase as the true separation distance decreases.
In order to quantify the resolution smearing, a simple Monte Carlo simulation recalculated the separation distance including the effects of discretization. Fig. 8 shows the ensemble of recalculated distances for a true distance of 1000 ft. Approximately 1% of the time one can expect a true separation of 1000 ft to have a calculated value of < 500 ft. In this quick look at the effect of discretization upon resolution, the effect of altitude has been neglected (z=0). If included, it would tend to decrease the discrepancy between true and calculated values when more of the separation is attributable to altitude difference. 
Airport Sample Limitations
In addition to emitter and flight position information and data processing, there are issues associated with this investigation which affect its validity for use in a larger context. These issues mainly result from the limited sampling nature of the study.
4.3-7
Study Sampling Factors:
-5000 flightdarea two airports, two sets of emitters, two geographies three day sample period for each area one weather pattern for each area accuracy -l/(number of samples)
SUMMARY
The correlations of emitter positions and in-flight aircraft positions in the Seattle and Denver areas have been examined in detail for periods of three days each. Initial sets of GMF emitters were reduced to 270 and 220 when frequency was restricted to > 400 MHz and a minimum potential electric field level was required. The resulting candidates were used in determining the closest approach of aircraft to emitters. In-flight aircraft positions as a function of time were obtained from FAA air traffic control SAR tapes with substantial processing and checking of the data to obtain the flight tracks for use in the correlation studies. Over 5000 flight tracks were obtained in each study area.
Relative frequency distributions were plotted either as a function of the distance of closest approach of an aircraft to any emitter or as a function of the maximum electric field estimated to be experienced by the aircraft. Cumulative forms of these distributions were also examined for extreme values and observed values at specified levels of likelihood. The influence of various factors such as flight type and airport proximity were also studied.
For non-1200 code flights a slightly smaller distance of closest approach is observed for O~X X , 03xx, 52xx, 55xx beacon codes. While code 1200 flight tracks have a noticeably different characteristics, the cumulative relative frequency of closest approach is not dramatically different from that of non-code 1200 tracks, when airport zones are excluded. When beacon codes 1200, O~X X , 03xx and 52xx/55xx are excluded and airport zones with two mile buffers are excluded, the minimum distance of closest approach observed is -450 ft and the 1 % level occurs at -1500 ft.
Seattle and Denver have many common characteristics with regard to the correlation of emitter locations and aircraft flight positions but distinct differences are also clear. Relative differences up to a factor of two are seen in extreme values and low frequency levels. For Seattle and Denver, simple minded consideration of maximum electric field levels encountered leads to different conclusions than would be drawn by consideration of only the distance of closest approach to emitters.
